can be safely translocated to colder regions still needs to be further explored, since they may 86 maladapt to extreme cold events in those localities, which would result in significant economic loss 87 (Benito-Garzón et al. 2013). Common garden and field experiments are the most powerful tools for 88 testing population translocations (Matyas 1996) , but these type of field experiments remain scarce, at 89 least in the Mediterranean context. 90
Here, we present the findings of the initial 3-year monitoring period on a long-term field 91 experiment in which we sowed acorns and planted seedlings from two contrasted provenances along 92 gradients of elevation and microsite conditions (canopy openness and herbaceous and shrub cover). 93
The study included the four most widespread Quercus species in the calcareous mountains of the 
Species characteristics 132
We selected four resprouting Quercus species, each of which is widely distributed in the western 133
Mediterranean Basin and part of the ongoing process of tree-species diversification in Mediterranean 134 pine forests (Navarro- and (ii) a provenance which corresponds to warmer sites, located in the mountainous area extending 150 from the South Iberian range to the Mediterranean coast in the case of Q. ilex and Q. faginea and in 151 the Catalan Pre-Coastal range in the case of Q. pubescens ( Fig. 1 ; see a more accurate delimitation of 152 each provenance region in Appendix S1). In the case of Q. coccifera, for which our study sites were 153 in all cases located beyond its ecological range, only the local provenance was tested. In order to get 154 a proper idea of the suitability of the study locations for each of the species and provenances, we 155 compared the main climatic characteristics of the experimental sites to the mean climatic 156 characteristics of their current range (Table 1 ; see further explanation about the climatic 157 characterization in Appendix S2). All the experimental sites satisfy the water requirements of the 158 study species, but their thermal conditions are in the coldest limit of their requirements for all the 159 provenances tested, or even below these ranges in some cases (Table 1) . 
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Experimental design 161
We selected three altitudinal levels at each of the three forests studied: low (around 1,000 m asl), 162 intermediate (around 1,250 m asl), and high (around 1,500 m asl). These levels represent a range of 163 thermal migration distance for all the species, defined as the difference in thermal conditions 164 between the current species' distribution area and the recipient locality. Accordingly, the species the 165 most displaced from its current distribution range was Q. coccifera (for which the difference in 166 annual average mean daily temperature between its current range and the high altitudinal level of the 167 experimental sites (ΔT mean ) goes up to 5.8 ºC). Conversely, the least displaced species was the local 168 provenance of Q. pubescens (for which ΔT mean in relation to the high altitudinal level of the 169 experimental sites goes up to 2.6 ºC; Table 1 ). 170
At each elevation, two 12 × 12 meter plots were established under contrasted conditions of 171 canopy openness: one plot (canopy plot) was located under continuous pine overstory, and the other 172 (gap plot) was placed under a small canopy gap (mostly originated by old cutting and occasionally 173 by natural tree fell). The gap extent was equivalent to the area occupied by two to three adult trees 174 (see further information about forest structural attributes in the experimental sites in Appendix S3). 175 Table 1 . Descriptive statistics (mean ± SD) for latitude, elevation and the main climatic attributes in 176 the experimental sites and in the distribution area of each species in each of the provenance regions 177 from which the vegetative material was collected (Appendix S1). 178 
Characterization of the environment and micro-site explanatory variables 216
We examined meteorological data in the area over the 3-year study period and compared it to the 217 mean climatic data (see Appendix S2 for detailed explanation). It revealed the occurrence of some 218 extreme climatic events over the three years of the study, and in particular an extraordinarily dry and 219 cold period the first winter after planting (from December 2011 to February 2012; Fig. S2 ), which 220 exposed the vegetation to a significant risk of frost damage (aggravated by the low water content in 221 the soil). During the first summer there was another rather dry period that extended over three 222 months (from June to August 2012), accompanied by slightly above-average maximumtemperatures. To characterize the microsite conditions of the planted seedlings, light availability and 224 percentage of herbaceous and shrub cover were measured for each seedling (Table 2) . Light ratio 225 was calculated as the percentage of transmitted photosynthetic photon flux density (%PPFD) using 226 two Li-190SA quantum sensors (Li-COR, NE) in paired mode (see Appendix S3). Percentage of 227 herbaceous and shrub cover surrounding the seedlings was visually estimated to the nearest 5% using 228 a 80 × 80 cm square centered on the plant. 229 Herbaceous cover (%) 37.9 ± 26 38.8 ± 22.1 39.9 ± 25.6 52.6 ± 27.3 36.9 ± 23.3 43.1 ± 22.7
Shrub cover (%) 11.6 ± 7.7 20.8 ± 15.9 31.5 ± 25.6 16.6 ± 12.9 22.1 ± 18.1 20.9 ± 14.9
Light ratio (%PPFD) 17.9 ± 2.4 36.4 ± 7.2 19.6 ± 5.5 36.8 ± 10.3 13.3 ± 2.2 28.8 ± 6.9
Data analyses 232
Seedling emergence was analyzed using a log-linear mixed-effects Poisson model, with counts of 233 emerged seedlings per plot (from 0 to 15) as the response variable. GLMMs parameters were 234 estimated using Maximum-likelihood (ML) with Gauss-Hermite quadrature approximation (Pinheiro 235 & Chao 2006) . We fitted one model for each of the four species, and elevation (at three levels), 236 canopy openness (two levels) and provenance (two levels) were included as fixed effects in the 237 model, whereas forest was considered a random factor. Selection of variables for inclusion in the 238 final models was based on Akaike's information criterion (AIC), with lower AIC values indicating 239 stronger empirical support for a model (Bolker et al. 2009 ). Once the best model was obtained, it was 240 compared against the null model (containing only random intercept and fixed intercept) using the 241 likelihood ratio (LR) test. 
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The effect of elevation, canopy openness and region of provenance on survival of planted 243 seedlings was assessed with survival function curves based on Kaplan-Meier estimates, and the 244 Mantel-Cox log-rank test was used to determine the significance of the differences between factor 245 levels. To test the effect of both categorical and continuous covariates on seedling survival, we used 246 a mixed-effects Cox model (Therneau & Grambsch 2000) , which is a modification of the commonly 247 used Cox's Proportional Hazards (coxPH) model (Cox, 1972) Finally, to assess seedling resprouting after dieback, logistic mixed-effects models were fitted 260 for each species using the ML method with Laplace approximation in the same model structure (i.e. 261 candidate predictors and random factors) as in the mixed-effects Cox models. We created a response 262 variable named 'resprouted' that takes value of '1' for seedlings that were able to resprout and 263 survived, and '0' otherwise. The inclusion of variables in the logistic mixed-effects models was 264 based on the AIC, and comparison of nested null and best models was assessed using the LR test. All 265 analyses were performed using R 3. 
Results
269
Seedling emergence 270
The emergence of oak seedlings occurred during the first two growing seasons. A total of 69 Q. 271 coccifera, 249 Q. ilex, 267 Q. faginea and 305 Q. pubescens seedlings emerged during this period, 272 representing 27%, 49%, 52% and 60% of the sown acorns, respectively. Q. coccifera presented the 273 most delayed emergence, with 43.5% occurring during the second growing season compared to 274 around 23% for the other species. For all species, lag to emergence was related to altitudinal level, 275 with plots at high elevations showing the most delayed emergence (40.8% during the second 276 growing period) compared to intermediate (25.6%) and low elevation plots (16.6%). We found no 277 significant differences in emergence date between the two levels of canopy openness or between 278 seed provenances. For all species except Q. pubescens, emergence was significantly lower at plots 279 located at highest elevation but did not differ between low and intermediate plots (Table 3) . Seed 280 provenance only affected seedling emergence for Q. ilex, with the warmer provenance presenting 281 lower emergence rates across altitudinal levels. No significant differences in emergence were found 282 between canopy and gap plots. 283 
Seedling survival 289
Seasonal patterns and altitudinal effects 290
Overall survival rate of planted seedlings after three growing seasons was significantly higher (P < 291 0.001) for marcescent species (Q. faginea and Q. pubescens, both showing 82.7% survival) than for 292 evergreen oaks (Q. coccifera and Q. ilex, with 63.2% and 69.9% survival, respectively). 293
Furthermore, these two groups showed different seasonal patterns of mortality: mortality for 294 evergreen oaks occurred mostly during winter (93% and 90%, respectively), especially the first 295 winter (80% and 73%), and mortality was significantly higher at the highest plots (P < 0.001 for both 296 species). On the other hand, mortality for marcescent oaks concentrated on the first two years after 297 plantation, but was evenly distributed over seasons, and with much lower effect of elevation on 298
survival. 299
When splitting the data into winter and summer mortality, mixed-effects Cox models showed 300 that winter mortality rates were significantly higher at the highest altitudinal level compared to the 301 lowest level for all four species (Table 4) . This effect was stronger in the case of Q. pubescens (HR = 302 9.328) and Q. coccifera (HR = 8.070), followed by Q. ilex (HR = 5.75), and was weaker, but still 303 significant, for Q. faginea (HR = 3.806). The high HR value in Q. pubescens was due to the almost 304 null winter mortality occurred in the lowest altitudinal level (Fig. 2) . For Q. ilex, significantly higher 305 winter mortality rates were also found in the intermediate altitudinal level (HR = 2.273) compared tothe lower level. Both local and warmer provenances of Q. ilex were negatively affected by elevation, 307 although the effect was more pronounced for the warmer-provenance seedlings (see Kaplan-Meier 308 curves for the interaction between elevation and provenance in Fig. 2) . In fact, the significantly 309 higher mortality rates of the warmer-provenance Q. ilex compared to local provenance (HR = 2.408) 310
were fundamentally linked to the winter mortality events (Table 4) . 311
Canopy openness and biotic interactions 312
In the case of Q. coccifera, the negative effect of elevation on seedling survival was accentuated 313 under gap conditions. The Cox models for this species revealed a significant effect of plant exposure 314 (as light ratio at each seedling location, %PPFD) for both winter (HR = 1.033) and summer (HR = 315 1.165) mortality events. In the case of Q. pubescens, the Kaplan-Meier curves for factor interactions 316 (Fig. 2) revealed that the negative effect of elevation was almost exclusively linked to warmer-317 provenance seedlings planted under canopy gap conditions. Canopy openness was found to 318 significantly affect seedling mortality for the two marcescent species, both of which showed 319 significantly higher mortality rates under gap conditions (P = 0.016 for Q. faginea, and P = 0.013 for 320 Q. pubescens). Looking at the interaction between elevation and canopy openness, we found that the 321 significant reduction of Q. faginea mortality rates under continuous canopy occurred only in the 322 lower and intermediate altitudinal levels, but not in the higher level. A similar effect was found by 323 the summer mortality Cox model for Q. pubescens, which showed higher ratio of summer mortality 324 of Q. pubescens with increasing light ratio (HR = 1.052). Shrub cover affected negatively Q. faginea 325 seedlings' survival during the summer periods but not the other oak species (Table 4) . Similarly, size 326 of the seedling at the time of plantation (represented by the seedling basal diameter, DO) had very 327 little effect on seedling survival and only affected Q. coccifera plants that showed a significantly 328 lower ratio of winter mortality with increasing DO.
330
Figure 3. Survival curves for the planted seedlings of the four tree species over the course of the 3-331 year study period, based on Kaplan-Meier estimates. Rows represent the different main effects and 332 interactions, and columns represent the different species. Legends for each row of the main effects 333 are in the first plot of the row, and legends for each row of the interactions correspond to the union of 334 the legends of the effects taking part in the interaction. P-values indicate significance of the log-rank 335 test between factor levels for each species. W periods in the x-axis correspond to the 1st, 2nd and 3rd 336 winter seasons after plantation, and S periods to the summer seasons. 337 Table 4 1 Note:For categorical predictor variables, the hazard ratio (HR) represents the quotient of the hazard 345 functions for each of the factor levels compared to a reference level (Low, for Elevation; Local, for 346 Provenance). For continuous variables, HR indicates the expected change in risk of mortality with a 347 one-unit increase in the parameter in question. 348
Seedling resprouting after dieback 349
The ability to recover by resprouting after a dieback event was higher for Q. faginea than for the 350 other species (70.4% of the 142 seedlings of this species suffering a dieback event were able to resprout during the next seasons). The percentages of re-sprouted seedlings for the other species were 352 59.7% for Q. coccifera (from 77 dieback events), 59.0% for Q. pubescens (from 105 dieback events), 353 and 54.5% for Q. ilex (from 156 dieback events) . Surprisingly, none of the candidate explanatory 354 variables showed a significant effect on resprouting in Q. faginea seedlings. For Q. pubescens and Q. 355 coccifera, the models found an effect of seedling size, with individuals presenting higher stem 356 diameter being more able to resprout (Table 5) . Interestingly, the warmer provenances of Q. 357 pubescens and Q. ilex showed significantly lower resprouting ability than the local provenances. 358 Table 5 . Results of the logistic mixed-effects models of seedling re-sprout after dieback events. 359
Significant fixed terms in the best model for each of the planted species are shown, along with the 360 AIC of both the best model (AIC Best , containing all the fixed terms that produced a significant effect) 361 and the null model (AIC Null 
Thermal distance and extreme cold events in assisted migration 365
The results of our study point that both the thermal distance between the current species' distribution 366 range and the recipient locality and the occurrence of extreme cold events may have strong effects on 367 the performance of the translocated populations. Both factors therefore warrant careful considerationwhen selecting species and seed sources for assisted migration programs (Vitt et maladaptation to large thermal migration distances include: (i) the overall lower germination rate of 371 Q. coccifera, which is the species the most displaced from its ecological range; (ii) the lower 372 germination rate at the highest altitudinal level (for all the species but Q. pubescens); (iii) the mid-to-373 low survival of the evergreen Q. coccifera and Q. ilex seedlings planted at the highest elevation; and 374 (iv) the lower germination and survival of some of the warmer provenances (especially Q. ilex), for 375 which the thermal migration distance was much higher than for the local provenances. In spite of 376 this, a considerable proportion of seedlings of all species performed relatively well in all the 377 altitudinal levels, and there were no significant differences in the performance of most of the species 378 between the lowest and the intermediate levels. This would suggest they are able to tolerate moderate 379 displacements in elevation to colder sites. 380
On the other hand, the fact that most of the winter mortality of the species showing higher 381 sensitivity to cold (Q. coccifera and Q. ilex) occurred during the extreme cold event in the first 382 winter confirmed the decisive role of such events as a driver of seedling responses to translocation 383 (Ameztegui & Coll 2013; Benito-Garzón et al. 2013 ). However, the extraordinarily hot and dry 384 summer periods did not lead to any substantial increase in mortality which may be explained by the 385 fact that all provenances came from drier sites, thus probably exhibiting a more conservative water-386 use behavior (Leverkus et al. 2015) . 387
The role of forest overstory in buffering negative responses to translocation 388
The fact that forest overstory plays an important role in maintaining a suitable microenvironment for 389 the germination and early establishment of Quercus species has been widely reported and generally 390 attributed to the fact that the canopy provides protection from direct exposure to light and high 391 evaporative demands (Broncano et al. 1998 together with the lack of important differences in shrub cover between the canopy and the gap plots 404 might be at the origin of this divergence. 405
Intra-and inter-specific differences in responses to plant translocation 406
This experiment found important inter-and intra-specific differences in responses to translocation in 407 terms of germination, survival and resprouting. We expected a high sensitivity to translocation for Q. 408 coccifera, which is the species with the highest thermal migration distance to all the study sites. 409
However, Q. coccifera showed more than 50% survival after the 3 years, high resprouting rates after 410 dieback, and delayed seedling emergence, which indicates a non-negligible plasticity to cold 411 temperature. The plastic behavior of this species was also observed by Baquedano et al. (2008) who 412 found that phenotypic plasticity in response to water stress explained around 75% of the variability 413 of different physiological and structural parameters among individual plants. 414 The other evergreen species (Q. ilex) was expected to respond to translocation in much the 415 same way as Q. faginea, since both species coexist in both provenance regions, where they occupycontext of assisted migration: responses to local climate and light environment. populations for some of the species was found to be highly dependent on the distance in thermal 438
conditions from source locality to recipient locality and on the occurrence of extreme cold events. 439
Our results also showed the important role of forest overstory in buffering the negative effects of 
